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Ten polymeric hydrogels were chemically synthesized by varying the concentrations of copolymer (DMA) and cross-
linker (MBAm) molecules. An alkaline lipase of Bacillus coagulans MTCC-6375 was immobilized onto a poly  
(MAc-co-DMA-cl-MBAm)-hydrogel support at pH 8.5 and temperature 55oC in 16 h. The bound lipase possessed 7.6 U.g-1 
(matrix) lipase activity with a specific activity of 18 U.mg-1 protein. Hydrogel bound-lipase catalyzed esterification of oleic 
acid and ethanol to synthesize ethyl oleate in n-nonane. Various kinetic parameters were optimized to produce ethyl oleate 
using immobilized lipase. The optimal parameters were bound enzyme/substrate (E/S) ratio 0.62 mg/mM, ethanol/oleic acid 
100 mM:75 mM or 100 mM:100 mM, incubation time 18 h and reaction temperature 55°C that resulted in approximately 
53% conversion of reactants into ethyl oleate in n-nonane. However, addition of a molecular sieve to the reaction mixture 
promoted the conversion to 58% in 18 h in n-nonane, which was equivalent to 55 mM of ethyl oleate produced. 
Keywords:  Poly (MAc-co-DMA-cl-MBAm)-immobilized lipase, synthetic hydrogel lipase, Bacillus coagulans MTCC-6375, 
ethyl oleate synthesis 
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Introduction 
Many enzymes in non-aqueous solvents can 
perform reactions that are difficult or impossible to 
carry out in water1. Lipases (triacylglycerol acyl 
hydrolases, EC 3.1.1.3) have attracted much interest 
in recent years particularly because of their 
biotechnological applications2. Lipases possess 
advantages of safety, precise control of incorporation 
and milder conditions over chemical esterification and 
inter-esterification reactions3. Although lipases 
mediated reactions in organic solvents or in non-
aqueous media open new possibilities4-5, lower 
catalytic efficiency is an important limitation yet to be 
over come. Most proteins are poorly soluble in 
organic solvents, and it is often necessary to 
immobilize enzyme on to a suitable porous matrix. 
There are many immobilization techniques  
available6-10, but one of the most popular methods is 
adsorption on the surface of the support. The lipases 
have been successfully immobilized on to a variety of 
matrices for performing esterification and trans-
esterification reactions in organic solvents. However, 
the behaviour of enzymes in organic phase is different 
from that in the aqueous phase8-14. From an industrial 
point of view, immobilized lipases offer economic 
incentives of enhanced thermal and chemical stability, 
ease of handling, easy recovery and reuse relative to 
non-immobilized forms10-17. 
The use of tailor-made synthetic hydrogels as 
support for enzyme immobilization has attracted 
attention of scientists worldwide6,8,10,18. The 
hydrophobicity/hydrophilicity of the polymer can be 
chosen in such a way that it can form an open cross-
linked hydrogel so as to allow the solvent and 
reactants to interact with the enzyme more easily. The 
selection of an appropriate solvent is often necessary 
to solublize the substrates and for partitioning the 
substrates and products in different phases1. Polarity 
of the solvent phase also exerts a great influence on 
water solubilization and distortion of H-bonds11. The 
properties of enzymes do not always meet the 
prerequisites for a given application and they have to 
be further optimized for a given process. This may be 
performed by optimization of reaction system that 
includes change of solvent, immobilization on proper 
support and change of reaction conditions 
(temperature, pH, acyl donor, molar concentration of 
reactants, water scavenger compounds/molecular 
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sieve etc.). The ethyl oleate is often used in rapid 
drying of starches, seedless grapes, and other fruits 
such as mulberry, plums19 and apricots20. Ethyl oleate 
is safe to use in foods21 and its presence in the human 
blood has been utilized as a marker to evaluate 
alcohol abuseand alcoholism22. In the present study, 
authors have evaluated immobiliztion potential of 
methacrylic acid (MAc) and dodecyl methacrylate 
(DMA) based hydrogels for immobilization of lipase 
of a moderately thermotolerant Bacillus coagulans 
MTCC-6375. The esterification of oleic acid and 
ethanol to produce ethyl oleate was selected as a 
model system to determine the effect of various 
kinetic parameters on the synthesis of ethyl oleate 
using poly (MAc-co-DMA-cl-MBAm)-immobilized 
lipase. 
 
Materials and Methods 
Chemicals 
N, N-methylene bisacrylamide (MBAm), metha-
crylic acid (MAc), dodecyl methacrylate (DMA), 
benzyol peroxide (BPO), methanol, acetone, iso-
propanol (Qualigens Fine Chemicals, Mumbai, India), 
p-nitrophenyl palmitate (p-NPP), ethyl oleate, n-
nonane (Lancaster Synthesis, England), ethanol, oleic 
acid, and a molecular sieve (3Å X 1.5 mm;  
E. Merck, Mumbai, India) were used as received. All 
the chemicals were of highest purity/analytical grade. 
 
Microorganism and Lipase 
Bacillus coagulans MTCC-6375, initially screened 
from a sample of sweetshop kitchen waste, was 
maintained in the Department of Biotechnology, H P 
University, Shimla by repeated sub-culturing on a 
modified mineral based (MB) medium containing 1% 
(v/v) cottonseed oil as described previously17. 
Glycerol stocks (25%) of B. coagulans were prepared 
and kept at –80°C for subsequent use. The MB broth 
contained (g L-1); NaNO3 3; K2HPO4 0.1; 
MgSO4
.
7H2O 0.5; KCl 0.5 and FeSO4.7H2O 0.01. 
The pH was adjusted to 7.2±0.1. The sterile MB broth 
was aseptically inoculated with 5% (v/v) of seed 
culture (3.6×106 cfu/ ml) and grew for 48 h at 34°C. 
The broth was and harvested thereafter for obtaining 
extra-cellular lipase. 
The purification of lipase was performed 
sequentially by using ammonium sulphate (60%) 
precipitation, DEAE-cellulose anion-exchange and 
hydrophobic column (octyl-Sepharose) chromato-
graphy as described previously17. The purified lipase 
(PL) was assayed for lipase23 and protein24. The PL 
was used for immobilization onto poly (MAc-co-
DMA-cl-MBAm)-hydrogels. One unit of lipase 
activity (U) was defined as micromole(s) of p-
nitrophenol (A410) produced per minute by hydrolysis 
of p-NPP at 45oC by one ml of free (soluble) enzyme 
or at 55oC by one gram of hydrogel-immobilized 
enzyme (weight of matrix included) under assay 
conditions. 
 
Synthesis of Hydrogels Network 
A series of ten different poly (MAc-co-DMA-cl-
MBAm)-hydrogels were prepared by varying the 
concentrations of copolymer (DMA) or cross-linker 
(MBAm) during polymerization reaction10,16. MAc 
(monomer) was co-polymerized with DMA in a 
volume ratio of 5:1, 5:2, 5:3, 5:4 and 5:5 in the 
presence of a cross-linker MBAm (1 or 5%, w/w). 
Benzoyal peroxide 1% (w/w) was used as an initiator. 
The reactants were dissolved in acetone:water  
(1:1, v/v) and were vigorously stirred under vacuum 
in an airtight glass-ampoule. The polymerization was 
accomplished in water-bath at 50, 80 and 90°C for  
30 min at each of the stated temperatures. The 
polymeric network so synthesized was washed/treated 
with selected solvents (water, methanol and acetone) 
using polarity gradient method to remove unreacted 
species. The polymers were completely dehydrated 
(to obtain a constant weight) 50oC to obtain dry 
matrix (xerogel). The representative matrices 
henceforth were designated as MAc:DMA:MBAm on 
the basis of their constituent(s) content. 
 
Immobilization of Lipase on Hydrogel(s) 
The xerogel was broken into smaller pieces. The 
pieces were grinded manually in pastel-mortar to 
prepare a fine powder. The powdered matrix (100 mg) 
taken in a glass vial was pre-equilibrated in Tris-
buffer (0.05 M; pH 8.5) to obtain a swollen matrix 
(hydrogel). The buffer was decanted; hydrogel was 
transferred to another glass-vial with fresh Tris-buffer 
containing purified lipase (200 µL=0.1 mg of 
protein). The suspension was incubated at 8°C upto 
20 h. The supernatant was sampled and checked for 
volume, lipase activity and protein (unbound) in each 
of vials. The enzyme-coupled matrices were washed 
thrice in excess of Tris-buffer and subjected to 
dehydration under freeze-drying. The bound lipase 
(protein) was determined by subtracting unbound 
protein (in supernatant) from the total protein. The 
immobilization (%) was determined by dividing the 
amount of bound protein (mg) by total protein (mg) 
INDIAN J BIOTECHNOL, JANUARY 2007 
 
 
70 
used during coupling reaction. Adsorption coefficient 
(Acoeff) was expressed as loading capacity of protein 
(mg) with respect to one gram of matrix, i.e., mg 
protein g-1 matrix. All assays were performed in 
triplicate. 
 
Synthesis of Ethyl oleate and Analysis 
Esterification of ethanol and oleic acid to produce 
ethyl oleate was performed with ethanol and oleic 
acid (100 mM:100 mM) in 1.5 mL of n-nonane. The 
reactions were performed in triplicate in Teflon-lined 
screw-capped glass vials (2.5 mL capacity). The poly 
(MAc-co-DMA-cl-MBAm)-bound lipase (10 mg ≈ 
0.8 U.min-1) was used as biocatalyst. The reaction 
mixture was incubated at 55°C under shaking  
(200 rpm) for 30 h. In a separate vial the reactants as 
above were incubated with heat-inactivated matrix-
bound lipase, as a control. Samples (2 µL) were 
withdrawn periodically and analyzed by Gas Liquid 
Chromatography (Michro-9100, Netel Chromato-
graphs, Thane, India) (15% SE30 Chromo WHP 
column; mesh size 80-100; internal diameter 3 mm. 
The injector and detector were set at 275 and 295°C, 
respectively. Nitrogen was used as a carrier gas (30 
cm3 min-1) and the column run at isothermal gradient 
of 200-280°C (20°C min-1). Each sample  
(1 µL) was assayed in triplicate unless otherwise 
stated. A calibration curve was prepared by 
considering molar concentration of ethyl oleate  
(0-100 mM in n-nonane) used in GLC analysis versus 
corresponding area under the peak, under set 
conditions. 
 
Optimization of Parameters for Synthesis of Ethyl oleate 
The effects of various factors such as reaction time, 
relative molar concentration of reactants, addition of 
molecular sieve and reaction temperature on the rate 
of synthesis of ethyl oleate were consecutively 
evaluated. 
 
Effect of Reaction Time on Ester Synthesis 
The reaction mixture (1.5 mL) containing 10 mg of 
bound lipase, ethanol (100 mM) and oleic acid  
(75 mM) in n-nonane was incubated at 55°C in a 
water-bath-shaker (160 rpm) for 24 h. The solvent 
phase (2 µL) was sampled in duplicate at intervals of 
3 h, and subjected to analysis by GLC for the 
formation of ethyl oleate. 
 
Effect of Reaction Temperature on Esterification 
The effect of temperature on synthesis of ethyl 
oleate was studied. The reaction mixture (1.5 mL) 
containing ethanol and oleic acid (100 mM:75 mM) in 
n-nonane was catalyzed by immobilized lipase  
(10 mg) at the set temperature (45-65°C) in a water 
bath incubator-shaker (160 rpm) for 24 h. The amount 
of ester produced was determined by GLC. 
 
Effect of Molar Concentrations of Reactants on Ethyl oleate 
Synthesis 
The effect of relative molar ratios of ethanol and 
oleic acid on synthesis of ester was determined by 
keeping the concentration of one of the reactants 
(ethanol or oleic acid) at 100 mM and varying the 
concentration of other reactant (25-100 mM) in a 
reaction volume of 1.5 mL using n-nonane as a 
solvent. The esterification was catalyzed by matrix-
bound lipase (10 mg) at 55°C in Teflon lined-glass 
vials for 24 h under continuous shaking. The ethyl 
oleate formed in each case was determined by GLC. 
 
Effect of Addition of Molecular sieve on Synthesis of Ethyl 
oleate 
A molecular sieve was added (300 or 500 mg per 
reaction volume of 1.5 mL) to the above reaction 
system to study its possible effect on synthesis of 
ethyl oleate. The esterification was performed by 
using immobilized lipase (10 mg) at 55°C for 24 h. 
Ethyl oleate synthesized in each case was determined 
by GLC. 
 
Results and Discussion 
Lipases as biocatalysts have been used in 
immobilized form for the synthesis of a variety of 
esters in organic solvents or water-restricted organic 
media4,5,10,18,25-29. In the present study, a purified lipase 
of B. coagulans MTCC-6375 (lipase activity 1.76 U 
min-1; specific activity 4.41 U mg-1 protein) was 
efficiently immobilized on a hydrophobic synthetic 
matrix named poly (MAc-co-DMA-cl-MBAm)-
hydrogel. Immobilization of lipase onto poly  
(MAc-co-DMA)-cl-MBAm)-hydrogels with different 
compositions of copolymer (DMA) increased with an 
increase in the concentration of DMA relative to a 
fixed amount of monomer (MAc) used in 
polymerization reaction. The concentration of 
copolymer was changed from 1:1 to 1:4 by keeping 
the concentration of cross-linker constant (Table 1). 
Although, protein binding efficiency as well as Acoeff 
showed a gradual increase, which corresponded to 
increase in the hydrophobicity of the hydrogels 
resulting in a decrease in total lipase activity. This 
decreased activity of lipase may be due to stripping of 
the water layer around the enzyme by the more 
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hydrophilic gel18. The protein(s) being hydrophobic in 
nature showed optimal binding towards hydrophobic 
matrices. On other hand, increase in concentration of 
both copolymer (DMA) as well as cross-linker 
(MBAm) showed a gradual increase in binding of 
protein adsorption coefficient besides increase in 
specific activity of the bound lipase. The hydrogel 
obtained by using MAc:DMA:MBAm in the ration of 
1:3:5 exhibited 95.5% binding of the protein and a 
relatively high Acoeff. Moreover, the bound enzyme 
showed enhanced catalytic activity. It appeared that a 
relative increase in the concentration of MBAm 
produced optimal hydrophobic character in the gel. 
Previously, adsorption of lipase on tailor-made 
strongly hydrophobic supports (octyl-agarose) was 
found to have very high esterase activity27. 
The percentage conversion of reactants into ethyl 
oleate increased with time for hydrogel bound lipase 
(Table 2). However, after 24 h, the conversion 
remained more or less the same. Thus a reaction 
period of 24 h was considered optimum for the 
synthesis of ethyl oleate at 55°C using hydrogel-
bound B. coagulans lipase. When the effect of 
reaction temperature was studied, it was observed that 
at 55° and 65°C optimal synthesis of ethyl oleate 
(approximately 53% conversion) occurred after 24 h 
(Table 3). A decrease or an increase in the reaction 
temperature resulted in a significant decline in the 
amount of ethyl oleate produced. 
Increasing the concentration of oleic acid  
(25 to 100 mM) at a fixed concentration of ethanol 
(100 mM) in the reaction system enhanced the 
conversion of reactants in to ethyl oleate (Table 4). 
Approximately, 53% conversion was achieved when 
ethanol: oleic acid proportion was maintained at  
100 mM: 75 mM or 100 mM: 100 mM. Interestingly, 
when oleic acid was used at a fixed concentration 
(100 mM) while decreasing the concentration of oleic 
acid 100 to 25 mM) a sharp decline in per cent 
conversion and synthesis of ethyl oleate was noticed. 
Excess of either acid28 or alcohol tends to partially 
inactivate the bound lipase possibly because of charge 
alteration/rearrangement at the catalytic site of 
biocatalyst. Recently, we have reported that optimal 
synthesis of ethyl propionate by a synthetic hydrogel 
bound-lipase of Pseudomonas aeruginosa BTS-2 was 
achieved when acid and ethanol were used in an 
equimolar ratio (100 mM each) in the reaction 
mixture10. In another study, effect of acetic acid 
Table 1—Immobilization characteristics of hydrogel matrices 
MAc:DMA:
MBAm ratio 
(w/w) 
Immobilization 
(%) 
#Change in 
lipase activity 
(%) 
Acoeff  
(mg protein. 
g-1 matrix) 
1:1:1 80.4 [0.6] -4.6 422 [2.6] 
1:2:1 84.8 [0.5] -2.7 450 [2.8] 
1:3:1 89.2 [0.5] -1.8 480 [3.0] 
1:4:1 85.5 [0.4] -3.7 508 [2.8] 
1:5:1 84.4 [0.4] -6.5 525 [3.1] 
1:1:5 88.2 [0.5] -2.2 482 [2.1] 
1:2:5 90.7 [0.4] +2.9 500 [2.8] 
1:3:5 *95.5 [0.3] +9.5 525 [1.8] 
1:4:5 88.8 [0.3] +2.2 520 [2.2] 
1:5:5 85.5 [0.3] -2.0 500 [2.1] 
#A decrease or an increase in the in lipase activity was calculated on 
the basis of amount of lipase (200 µl ~ 0.352 U) used during 
immobilization/binding onto the hydrogel. The values in the square 
parentheses indicate Mean Standard Error (MSE). 
*Significantly higher than other values (p > 0.05; Students t-test)  
 
Table 2—Effect of reaction time on ester synthesis 
Reaction time  
(h) 
Conversion 
(%) 
0 0.0 [0.0] 
6 4.2 [0.1] 
12 11.6 [0.2] 
18 38.6 [0.3] 
24 *53.0 [0.3] 
30 *52.4 [0.3] 
The values in the square parentheses indicate Mean Standard 
Error (MSE). *Significantly higher than other values (p > 0.05; 
Students t-test) and comparable with respect to each other. 
Table 3—Effect of temperature on ethyl oleate formation 
Reaction temperature  
(°C) 
Conversion  
(%) 
45 22.5 [0.2] 
55 *53.0 [0.4] 
65 *52.5 [0.4] 
75 40.4 [0.5] 
The values in the square parentheses indicate Mean Standard 
Error (MSE). *Significantly higher than other values (p > 0.05; 
Students t-test) and comparable with respect to each other. 
 
Table 4—Effect of proportion of reactants on esterification 
Reactants in mM 
(Ethanol: Oleic acid) 
Conversion  
(%) 
100: 25 4.0 [0.2] 
100: 50 41.0 [0.5] 
100: 75 *53.0 [0.4] 
100:100 *53.2 [0.3] 
75: 100 45.2 [0.4] 
50: 100 10.5 [0.3] 
25:100 2.2 [0.2] 
The values in the square parentheses indicate Mean Standard 
Error (MSE). *Significantly higher than other values (p > 0.05; 
Students t-test) and comparable with respect to each other.  
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concentration on esterification reaction using lipase 
SP435 was investigated. Increasing concentrations of 
acetic acid (0.4 to 0.7 M) inhibited SP435 lipase 
activity resulting in low conversion yields for acetate 
esters25. The presence of acid (acetic) can damage the 
hydrolytic layer-protein interaction of the enzyme 
structure causing lipase deactivation during 
esterification process. Thus, B. coagulans lipase is 
also vulnerable to (oleic) acid in reaction medium just 
like other lipases. Due to toxicity of (acetic) acid to 
lipase activity in enzymatic acetylation, the use of 
acids as an acyl donor in transesterification and direct 
esterification reactions was previously attempted with 
little or no success29. 
Optimal formation of ethyl oleate using bound 
lipase was achieved at 55°C in 24 h with 300 mg of 
molecular sieve in a fixed batch reaction (Table 5). 
The use of molecular sieve did not interfere with the 
product formed and its addition improved the 
conversion of reactants into ethyl oleate in a relatively 
shorter period of time (18 h). In a smaller reaction 
system, molecular sieve tend to exert a kinetic 
pressure on immobilized-enzyme to push equilibrium 
in forward direction by removing/scavenging water 
molecules produced during the esterification30,31. In 
our study, presence of a molecular sieve increased the 
synthesis of ethyl oleate from 52.3 to 58.0% thereby 
suggesting its positive effect on enzyme efficacy. 
Moreover, this enhanced conversion could be 
achieved in a shorter reaction time (18 h) than the 
previous one (24 h). Many studies have shown that 
smaller fatty acids are involved in inhibition of 
enzyme at higher concentration. However, this 
threshold value is intrinsic property of an enzyme. 
Generally, commercial enzymes must be very rugged 
to remain active for prolonged duration when exposed 
to an adverse environment. 
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